To position the mitotic spindle, cytoskeletal components must be coordinated to generate cortical forces on astral microtubules. Although the dynein motor is common to many spindle orientation systems, 'accessory pathways' are often also required. In this work, we identified an accessory spindle orientation pathway in Drosophila that functions with Dynein during planar cell polarity, downstream of the Frizzled (Fz) effector Dishevelled (Dsh). Dsh contains a PDZ ligand and a Dynein-recruiting DEP domain that are both required for spindle orientation. The Dsh PDZ ligand recruits Canoe/Afadin and ultimately leads to Rho GTPase signaling mediated through RhoGEF2. The formin Diaphanous (Dia) functions as the Rho effector in this pathway, inducing F-actin enrichment at sites of cortical Dsh. Chimeric protein experiments show that the Dia-actin accessory pathway can be replaced by an independent kinesin (Khc73) accessory pathway for Dsh-mediated spindle orientation. Our results define two 'modular' spindle orientation pathways and show an essential role for actin regulation in Dsh-mediated spindle orientation.
Introduction
Oriented cell division is essential for the construction of complex tissue architecture during plant and animal development. For example, spindle alignment in epithelia ensures that daughter cells remain in the proper plane. Spindle positioning is also crucial for asymmetric cell division, in which polarized fate determinants are segregated into one of two daughter cells. The position of the spindle can be regulated by interactions between the cell cortex and astral microtubules in which cortical polarity complexes provide directional cues for cytoskeletal filaments and motor proteins (Siller and Doe, 2009 ). The minus-end-directed motor dynein is a crucial force-generating component in spindle orientation from yeast to mammals. However, robust spindle positioning can require that cortical signaling complexes initiate pathways that act synergistically with dynein (Johnston et al., 2009; Siegrist and Doe, 2005) .
The Frizzled-Dishevelled (Fz-Dsh) planar cell polarity (PCP) pathway regulates oriented cell division in a broad range of animal cells (Morin and Bellaïche, 2011) . For example, Fz-Dshmediated spindle orientation functions during the development of Drosophila melanogaster bristle mechanosensory organs, in which posteriorly polarized Fz-Dsh determines the anteriorposterior (AP) orientation of the asymmetric division of the pI cell (Gho and Schweisguth, 1998) . The Fz-Dsh complex also regulates spindle positioning in Caenorhabditis elegans blastomere development and zebrafish gastrulation (Ségalen et al., 2010; Walston et al., 2004) , highlighting an essential role of FzDsh signaling for spindle orientation throughout evolution. The first downstream effector in Dsh-mediated spindle orientation was only recently identified: the adapter protein Mushroom body defect (Mud) interacts with the Dsh DEP (Dishevelled, Egl-10, Pleckstrin) domain and initiates a dynein-dependent connection to spindle microtubules (Ségalen et al., 2010) .
In this study we sought to identify additional Dsh-mediated pathways involved in spindle orientation that may function with Mud-Dynein. In certain contexts, Mud-Dynein requires additional pathways to achieve proper spindle alignment with cortical polarity. For example, in Drosophila neuroblasts the tumor suppressor Discs large (Dlg) binds the kinesin Khc73, and Dlg-Khc73 functions with Mud-Dynein for precise spindle orientation. The protein Partner of inscuteable (Pins) is polarized to the neuroblast apical cortex where it recruits both Mud and Dlg (Bowman et al., 2006; Siegrist and Doe, 2005; Siller et al., 2006) . The cooperativity between these two pathways has been reconstituted in cultured S2 cells using an 'induced polarity' system in which the spindle aligns to artificially polarized Pins (Johnston et al., 2009) . Although, the nature of the interplay between the Mud-Dynein and Dlg-Khc73 pathways is still being elucidated, the observation that Mud-Dynein does not function on its own in Pins-mediated spindle orientation prompted us to examine whether Fz-Dsh also requires an 'accessory pathway' such as Dlg-Khc73.
Results
To identify effectors that mediate spindle orientation downstream of Dsh (Fig. 1A) , we used an 'induced polarity' spindle orientation assay in Drosophila S2 cells (Johnston et al., 2009) . In this system, Dsh is fused to the C-terminus of the adhesion protein Echinoid (Ed), which forms polarized contacts in small cell clusters. Activity is then measured as spindle orientation relative to these Ed-Dsh-induced cortical crescents (Fig. 1B) . We found that the mitotic spindle aligns to crescents of Ed fused to the Dsh DEP domain plus the adjacent C-terminus (CT) (Ségalen et al., 2010) (Ed:DEP-CT, Fig. 1A,C) . Although the DEP domain has been shown to function upstream of Mud-Dynein spindle orientation complex (Ségalen et al., 2010) , we found that it cannot orient the spindle on its own (Fig. 1D) , suggesting that there may be spindle orientation activity within the adjacent Cterminal (CT) domain. The CT domain following the DEP domain has no characterized function in spindle orientation and also fails to orient the spindle when examined alone, indicating that both DEP and CT domains are necessary for Dsh activity (Fig. 1E ). Sequence analysis of the CT domain revealed several low-complexity motifs and low overall multi-sequence conservation. Thus, as an unbiased approach to identifying the sequence in the Dsh CT that cooperates with the DEP domain, we analyzed iterative deletions of the CT region. We found that residues at the extreme C-terminus are required for DEP-CT spindle orientation activity ( Fig. 1E ; supplementary material Fig. S1A-E); more internal CT deletions did not further impair activity. The final ten CT residues resemble a PDZ (PSD95, Dlg1, zo-1) domain ligand sequence and residues important for interaction with PDZ domains are conserved (supplementary material Fig. S1 ). Direct fusion of this putative PDZ ligand (PDZL) with the DEP domain was sufficient for complete spindle orientation (Fig. 1F) . Thus, the Dsh C-terminus, which has no previously known spindle orientation activity, functions synergistically with the DEP domain for robust spindle alignment (Fig. 1G ).
To identify potential effectors of the Dsh C-terminus, we first surveyed known spindle orientation components containing PDZ domains, such as the scaffold proteins Discs large (Dlg) and Canoe (Cno; AF-6/Afadin in vertebrates) (Johnston et al., 2009; Siegrist and Doe, 2005; Speicher et al., 2008; Wee et al., 2011) . We have previously shown that loss of Dlg does not prevent Dshmediated spindle orientation (Ségalen et al., 2010) . However, Cno RNAi completely blocked Ed-DEP-CT spindle orientation ( Fig. 2A ). Pulldown experiments with purified components identified a direct interaction between the Dsh C-terminus and Cno PDZ in vitro (Fig. 2B) , which is in general agreement with a previous report (Carmena et al., 2006) , and indicates that the Cterminus is indeed a PDZ ligand (PDZL). Consistent with a direct interaction between Dsh and Cno, HA-Cno PDZ is recruited to cortical crescents of Ed-DEP-CT (Fig. 2C,D) . We conclude that Cno acts as a proximal effector in the Dsh PDZL spindle orientation pathway through a canonical PDZ interaction.
How might Cno function in Dsh-mediated spindle orientation? Cno is also required for Pins-Mud-dynein-mediated spindle orientation (Carmena et al., 2011; Speicher et al., 2008; Wee et al., 2011) . The Pins tetratricopeptide repeat (TPR) domain binds Mud in a manner analogous to that of the Dsh DEP domain (Nipper et al., 2007; Smith and Prehoda, 2011) . Loss of Cno prevents Pins-Mud association in both neuroblasts and S2 cells (Speicher et al., 2008; Wee et al., 2011) , so we tested whether Cno is required for Dsh-Mud association. We assayed for the ability of Ed-DEP-CT to recruit Mud in the absence of Cno, but found that Cno was not required for Ed-DEP-CT to recruit Mud ( Fig. 2E-G) . Thus, although Cno mediates Mud interaction with Pins, it is not required for Mud binding to Dsh, but is nevertheless required for Dsh-mediated spindle orientation. The Pins-Mud pathway, initiated by the Pins TPR domain, functions synergistically with a pathway downstream of the Pins Linker domain that couples to the kinesin Khc73 (Johnston et al., 2009; Siegrist and Doe, 2005) . To determine whether Khc73 also cooperates with Dsh-Mud, we examined Ed-Dsh spindle orientation in cells treated with RNAi directed against Khc73 and observed no effect (supplementary material Fig. S2A ), further supporting the role for a novel pathway involving the Dsh PDZLCno complex.
The Dsh PDZL -Cno complex has no previously characterized function in spindle orientation, appears to operate distinctly from the Pins Linker -Dlg-Khc73 pathway, and does not affect Dsh-Mud cortical association (Fig. 2E-G) . To gain insight into its molecular function, we next sought to identify the components that act downstream of the Dsh PDZL -Cno module. The Dsh C-terminus is thought to constitute the main hub for 'non-canonical' Dsh signaling, which mainly comprises Rho and Rac GTPase signaling pathways (Malbon and Wang, 2006) . Moreover, Cno acts upstream of Rho superfamily GTPase signaling in other systems (Miyata et al., 2009; Slováková et al., 2012) , and Rho has recently been identified as a regulator of spindle orientation by anthrax toxin receptor in zebrafish (Castanon et al., 2012) . Treatment of S2 cells with RNAi against Rac, or its key effector JNK did not affect alignment of the spindle to polarized Dsh (supplementary material Fig. S2B ). Rho-targeted RNAi, however, completely abolished Dsh-mediated spindle orientation (Fig. 3A) . Rho RNAi was specific to the Dsh pathway, as it had no effect on Pins-mediated spindle orientation (Fig. 3B) . Moreover, no significant alterations in cell or spindle morphology were observed following Rho RNAi treatment. Overexpression of a dominant-negative Rho mutant also prevented Dsh activity (Fig. 3C,D) . These data show that Rho is not part of a common Mud-dynein spindle orientation pathway, and that loss of Rho does not lead to pleiotropic cell or spindle defects that preclude spindle orientation. We conclude that a Rho-dependent spindle orientation pathway functions downstream of the Dsh C-terminal domain.
Rho normally exists in an inactive, GDP-bound conformation and becomes activated by guanine nucleotide exchange factors (GEFs), allowing for spatiotemporal regulation of signaling (Mulinari and Häcker, 2010) . A RhoGEF2/Rho signaling pathway has been shown to regulate several key morphogenic events during Drosophila development, including cellularization, epithelial invagination and gastrulation (Barrett et al., 1997; Grosshans et al., 2005; Kölsch et al., 2007; Simões et al., 2006) . Moreover, RhoGEF2, which contains two 'SxIP' motifs (Honnappa et al., 2009 ), localizes to microtubule plus-ends by interaction with EB-1 (Rogers et al., 2004) , a known regulator of spindle orientation (Rogers et al., 2002; . Plus-end microtubule localization of RhoGEF2 could allow for spatially controlled cortical Rho activation during spindle orientation. We found that RNAi targeted against RhoGEF2 or EB-1 resulted in loss of spindle orientation by cortically polarized Dsh (Fig. 3E,F) . RNAi directed against RhoGEF4, an unrelated GEF with no known microtubule localization had no effect (supplementary material Fig. S2C ). We conclude that Rho GTPase and its activator, RhoGEF2, are required for Dsh-mediated spindle orientation.
We next sought to identify the Rho effector that might regulate spindle orientation. Rho kinase (ROK) is a key Rho effector and regulates several Rho-mediated morphogenic events, including spindle orientation by Antxr2a (Amano et al., 2010) . However, RNAi knockdown of ROK had no significant effect on Dshmediated spindle orientation (supplementary material Fig. S2D ). An alternative Rho effector acting in non-canonical Dsh signaling is the formin protein family, which also mediates Antxr2a spindle orientation (Malbon and Wang, 2006) . Binding of active Rho relieves an autoinhibitory formin conformation, thereby enhancing its polymerization activity on the fast-growing, barbed end of actin filaments (Otomo et al., 2005) . RNAi targeted against the formin Diaphanous (Dia) completely abolished Dshmediated spindle orientation (Fig. 4A) . Identical Dia RNAi treatment had no effect on Pins-mediated spindle orientation (Fig. 4B) , illustrating the Dsh-specific nature of this pathway. Moreover, expression of GFP-Dia showed robust recruitment specifically to Dsh cortical crescents (Fig. 4C,D,F) . Dia recruitment was significantly (P,0.01) reduced following treatment with Cno RNAi, which places Dia downstream of the Dsh PDZL pathway (Fig. 4E,F) . The actin polymerizing function of Dia depends on its FH1 domain interaction with profilin, known as Chickadee (Chic) in Drosophila. Chic binds and recruits monomeric actin molecules that are integrated into the growing actin filament by the action of the Dia FH2 domain (Chesarone et al., 2010) . Chic RNAi also blocked Dsh-mediated spindle orientation (Fig. 4G) , suggesting that the effects of Dia RNAi are indeed caused by defects in actin polymerization. Interestingly, cells depleted of Arp2, a component of the Arp2/3 complex, displayed normal spindle orientation (Fig. 4H-I ). Arp2/3 nucleates newly branched actin networks by binding the side of a mother filament (Campellone and Welch, 2010) , as opposed to formin-mediated elongation of existing filaments.
Taken together, these results suggest that Dsh-mediated spindle orientation -but not Pins-mediated spindle orientationrequires nucleation of linear F-actin.
Several studies have demonstrated an actin-independent role of Dia in microtubule stabilization (Bartolini et al., 2008; Palazzo et al., 2001) , which could play a role in spindle orientation (Pease and Tirnauer, 2011) . Although the requirement for Chic suggested that the essential function of Dia is filament nucleation, to further test this model we assayed the spindle orientation activity of a Dia point mutant (I690A) that is defective in actin polymerization but retains microtubule stabilization function (Bartolini et al., 2008) . Wild-type or I690A forms of GFP-Dia were expressed in cells previously treated with a Dia RNAi construct targeted against the 59-UTR to deplete endogenous Dia. Whereas wild-type Dia fully rescued the effects of RNAi (Fig. 5A) , spindle orientation in the I690A-Dia-expressing cells remained randomized. This lack of rescue was despite proper recruitment of Dia I690A to the Dsh cortical crescent (Fig. 5B) , suggesting Dia localization is independent of actin nucleation. We conclude that Dsh-mediated spindle orientation requires the Dia-induced nucleation of linear actin filaments. To directly visualize the effects of Dsh on cortical actin polymerization, we stained cells with dye-conjugated phalloidin. In control cells expressing Ed but not Dsh, cortical actin staining varied in intensity but was typically equally distributed cortically or less intense at cell contacts (Fig. 5C,F) . Expression of Ed-Dsh resulted in asymmetric phalloidin staining, with intense signal coinciding along the entire Ed-Dsh crescent, indicating a Dshmediated increase in cortical actin polymerization (Fig. 5D,F) . Treatment with Dia RNAi abolished this asymmetry, leading to F-actin staining similar to that in cells expressing Ed alone (Fig. 5E,F) . Importantly, Dia RNAi did not result in global actin polymerization defects because symmetric cortical actin staining can still be seen similar to control cells. We conclude that Dsh localizes and activates Dia to induce asymmetric cortical actin polymerization necessary for proper spindle orientation.
To determine if this actin-based Dsh spindle orientation pathway is active during Drosophila development we assayed sensory organ precursor (SOP) cell divisions. Our work and that of others have shown that SOP cell division requires both Dshand Pins-mediated spindle orientation pathways: Dsh regulates spindle orientation along the AP axis, whereas Pins orients the spindle along the apical-basal axis (David et al., 2005; Gho and Schweisguth, 1998; Ségalen et al., 2010) . We expressed UASDia, -RhoGEF2, or -Rho RNAi constructs specifically in pI cells using the Neuralized-GAL4 line and examined spindle orientation in 16-hour pupae. Expression of RhoGEF2 or Rho RNAi resulted in embryonic lethality prohibiting examination. Expression of Dia RNAi resulted in significantly reduced spindle orientation relative to the AP body axis (Fig. 6A,B) . In contrast, Dia RNAi did not affect spindle orientation relative to Pins crescents (Fig. 6B9) . We conclude that the Dsh-Dia spindle orientation pathway is required for AP spindle orientation in the SOP lineage, and that Dia acts specifically in the Dsh but not Pins spindle orientation pathways in vivo, confirming our observations in the S2 spindle orientation assay.
Although Pins does not require Dia for apical-basal spindle orientation, Pins-mediated spindle orientation does require a secondary pathway to cooperate with Mud-Dynein. The Pins TPR domain uses Mud-Dynein analogously to Dsh DEP , but the Pins Linker functions through the kinesin Khc73, and both pathways are required for spindle positioning (Fig. 7A,B) . Although the Dsh PDZL -Dia and Pins Linker -Khc73 pathways result in very different end points -linear actin filament nucleation and microtubule motor activity, respectively -we asked whether they could function interchangeably. We generated chimeras that pair Pins with the Dia pathway (Pins TPR +Dsh PDZL ), and Dsh with the Khc73 pathway (Dsh DEP +Pins Linker ). Both chimeric proteins had robust spindle orientation activity (Fig. 7C) . These results indicate that the accessory pathways that operate with Pins-TPR-Mud and Dsh-DEP-Mud, while using very distinct components, can function in a modular fashion. (Ségalen et al., 2010) . In the present work we identify a new pathway that cooperates with Mud-Dynein by regulating cortical F-actin. This pathway is initiated by a PDZ ligand sequence at the Dsh C-terminus, which binds directly to Cno, a known spindle orienting protein. The Dsh C-terminal pathway is regulated by the Rho GTPase, a direct activator of the formin Dia whose actin-nucleating activity is crucial for spindle orientation. Thus, we have identified the upstream elements that initiate this new pathway (Dsh C-terminus and Cno), and actin filament regulators that carry out its function (RhoGEF2, Rho, Dia, and Chic). Some of the components in the Dsh C-terminus pathway (e.g. Rho) are broad regulators of cellular function, suggesting that their requirement for spindle orientation may not be specific. However, we examined each pathway component in both Dshand Pins-mediated spindle orientation to determine the degree to which each is required specifically for spindle orientation by Dsh. Cno is known to regulate spindle alignment to cortical Pins, and we have found that it binds directly to Dsh and also regulates the PCP pathway. In contrast to Cno, however, the remaining components that we identified are specific to the Dsh PCP pathway. Interestingly, we also found that chimeras of Pins and Dsh orient the spindle, demonstrating that the kinesin (Khc73) pathway used by Pins and the formin (Dia) Dsh pathway are functionally interchangeable. Thus, although each pathway appears to have very different molecular functions, they are nevertheless able to combine with Mud-Dynein to achieve robust spindle alignment in our assays.
How might formin-induced linear actin polymerization contribute to Fz-Dsh spindle positioning? In budding yeast, the formin Bni1 nucleates linear actin cables to guide astral microtubule plus ends into the emerging bud (Lee et al., 1999; Ten Hoopen et al., 2012) . However, this process is very different from metazoan spindle orientation in which the spindle becomes aligned before telophase. Metazoans also lack several of the key components that link F-actin to astral microtubules in yeast. Studies in animal cell models have suggested an indirect role for F-actin, as it is required for establishment and maintenance of cell polarity factors that subsequently influence spindle positioning (Kunda and Baum, 2009) . A potentially more direct role has been demonstrated in integrin-mediated spindle orientation, which uses the actin network to link spindle microtubules to the extracellular adhesion matrix . Although this pathway depends on both cortical actin and EB-1, which we also identified downstream of Dsh, it relies on distinct regulatory components such as myosin-X, Cdc42 and phosphoinositides (Mitsushima et al., 2009; . Thus, different cortical cues appear to utilize actin nucleation for spindle orientation through diverse mechanisms. Nevertheless, studies have shown that cortical actin substructures can exert forces that induce spindle orientation (Fink et al., 2011) , which could present common output of each upstream pathway.
The recruitment of Dia and enrichment of F-actin at sites of Ed-Dsh indicates that formins contribute to spindle orientation by regulating cortical F-actin. Very recent studies of the Antxr2 receptor during oriented divisions of zebrafish epiblasts have also identified a necessary role for Dia, although it remains uncertain whether Antxr2a-mediated spindle orientation is strictly dependent on actin nucleation (Castanon et al., 2013) . Interestingly, Dsh-mediated actin nucleation is required for Antxr2 cortical localization, although actin polymerization is regulated by ROK downstream of Dsh in this system. Thus, Dsh appears to regulate cortical actin through diverse, cell-specific signaling pathways to elicit spindle orientation. Future studies will be needed to identify the actin-associated regulators involved in coupling cortical actin to spindle microtubules and how these connections dictate spindle orientation.
Materials and Methods

Reagents and antibodies
Chemicals and standard reagents were purchased from Sigma Aldrich (St. Louis, MO) unless otherwise noted. Antibodies used were as follows: rat a-tubulin, 1:1000 (Abcam); mouse a-tubulin, 1:1000 (DM1A, Sigma); rabbit HA, 1:1000 (Covance); rabbit ROK, 1:1000 (Sigma); goat Arp2, 1:1000 (Santa Cruz); rabbit phosphohistone-3, 1:1500 (Upstate); rat Pins, 1:400 (Yu et al., 2000) ; guinea pig senseless, 1:3000 (generous gift from H. Bellen); HRP-linked secondary antibodies (Promega), Alexa-Fluor-linked secondary antibodies (Jackson Laboratories).
Cell culture, plasmid transfection and RNAi Drosophila S2 cells were maintained and passaged as required in Schneider insect medium (SIM) supplemented with 10% fetal bovine serum. All plasmids were constructed in the copper-inducible pMT-V5 vector (Invitrogen, Carlsbad, CA). Ed fusion constructs were engineered as previously described (Johnston et al., 2009 ). For transient expression, S2 cells were plated in six-well culture dishes at a density of ,1-3610 6 cells per well and transfected with 0.5 mg of individual plasmids using the Effectene reagent (Qiagen, Germantown, MD). After ,36 hours, protein expression was induced by addition of 500 mM CuSO 4 for ,24 hours.
For RNAi experiments, cells were transfected as described. After ,36 hours, cells were harvested and resuspended in serum-free medium to a density of ,1610
6 cells per well (1 ml volume per well). Cells were incubated with 10 mg of RNAi for 1 hour and 2 ml of serum-containing medium was added. Following a 3-day incubation, copper sulfate was added as described. All RNAi primers were designed using the SnapDragon online tool (http://www.flyrnai.org/cgi-bin/RNAi_ find_primers.pl) and included T7 promoter tags. PCR-amplified fragments were reverse transcribed and dsRNAi was isolated using the MegaScript T7 kit (Ambion, Austin, TX).
The 'induced polarity' Ed assay has been previously described (Johnston et al., 2009) . Briefly, following CuSO 4 induction, cell clusters were formed by agitation of cells on a platform shaker at ,175 rpm for 1 hour. Cells were then plated on individual coverslips for 2-3 hours in fresh medium to increase the mitotic index. Cells were washed with PBS and fixed in 3% paraformaldehyde for 15 minutes. Cells were then washed (PBS + 0.1% saponin) and blocked for 1 hour (wash buffer + 1% BSA). Primary antibodies were added overnight at 4˚C. Washed cells were then incubated with secondary antibodies for 2 hours at room temperature, washed again, and mounted. All images were acquired using a Leica SP2 confocal microscope with a 606 1.4 NA lens. Spindle angles were measured by two lines made through a single confocal section containing both spindle asters, one line formed between the center of the Ed signal at the cell cortex and the center of the cell, and the other along the axis of the spindle. The ImageJ angle function was used for the measurement.
Several phenotypic aspects of the 'induced polarity' Ed assay were carefully controlled in all experiments. First, S2 cells have been documented to have variations in spindle size, morphology, centrosomes and tubulin staining intensities (Goshima and Vale, 2003; Morales-Mulia and Scholey, 2005) . To prevent potential nonspecific effects due to these variations, we disregarded cells with multipolar or bent/broken spindle morphologies, although minor deviations in spindle focusing was tolerated equally across experimental conditions. Images presented in figures were selected to represent the average phenotype demonstrated for each condition. Second, although variations in crescent sizes are expected, we ensured that for selected cells crescents fell within a 60˚cortical range. This prevents sampling cells containing large crescents that could possibly introduce a skew toward larger angle measurements. Average crescent sizes closely reflected those seen in numerous polarized cells in vivo, including SOPs examined herein. Finally, in addition to their cortical localization, transfected Ed fusion proteins often demonstrate cytoplasmic expression in the form of small puncta. The degree of these cytoplasmic punta do not differ among experimental conditions, and we have previously shown that spindle orientation is not affected by their presence (Johnston et al., 2009 ).
For phalloidin staining, cells were plated on glass coverslips previously treated with Concanavalin-A (0.5 mg/ml for 1 hour; air dried overnight). Following fixation as above, cells were neutralized in 10 mM ethanolamine for 5 minutes and subsequently permeabilized by incubation in 0.1% Triton X-100 in PBS. AlexaFluorH-555-phalloidin (Invitrogen) was added for 20 minutes, after which cells were rinsed in PBS and mounted. Quantification of cortical phalloidin intensity was conducted using ImageJ software. Briefly, the Ed-GFP channel of each image was used to identify the 'crescent' and 'noncrescent' cortical regions, which were individually traced using the 'polygon selection' tool in ImageJ. Average intensities of phalloidin staining within each region were then quantified and crescent:noncrescent ratios were documented. Statistical comparisons were made with ANOVA in GraphPad Prism software. Similar procedures were carried out to quantify cortical localization to Ed crescents of expressed constructs (e.g. GFP-Dia).
GST pulldowns and immunoblotting
All recombinant proteins were produced in Escherichia coli (BL21-DE3) and purified by sequential affinity ion exchange, and size exclusion chromatography as described elsewhere (Johnston et al., 2009 ). For pulldowns, clarified E. coli lysates expressing GST fusions were incubated with glutathione-agarose beads (Sigma) for 1 hour at room temperature in PBS. Beads were extensively washed and resuspended in buffer [20 mM Tris (pH 7.5), 250 mM NaCl, 5 mM MgCl 2 , 0.5 mM EDTA, 1 mM DTT and 1.5% Triton X-100]. Prey proteins (50 mg) were added and reactions were rotated at 4˚C for 2 hours. Beads were extensively washed and eluted in boiling loading buffer for 5 minutes. Equal volumes were analyzed by SDS-PAGE electrophoresis and transferred to nitrocellulose membranes for western blot detection. /+ and the sibling controls UASDiaph-RNAi/+; TM3,Sb/+ and aged to 16 hours after puparium formation at 25˚C on damp filter paper in glass vials. Pupae were then dissected in PBS, followed by immediate fixation for 20 minutes in PBS with 4% paraformaldehyde, 0.3% Triton X-100, 2% DMSO. Samples were then blocked overnight at 4˚C in PBS supplemented with 4% FBS, 0.1% Triton X-100 and 10 mM glycine. Primary and secondary antibodies diluted in blocking solution were applied for 1 hour at room temperature. Samples were rinsed twice in blocking solution, twice in glycerol (25% and 50% for 10 minutes each) and a final wash in 90% glycerol with 2% Npropyl gallate (for antifade properties), and mounted. All fluorescence images were collected using a Bio-Rad Radiance 2100MP confocal and Nikon E600FN Upright microscope.
